Background: Glycemic control using intravenous insulin infusions is an important component of hyperglycemic crisis treatment. Literature supports the use of standardized titration protocols; however, comparisons of specific methods are limited. Objective: Compare the safety and efficacy of 2 insulin infusion titration methods used in hyperglycemic crisis. Methods: A retrospective chart review was conducted including adults admitted to an inpatient facility from August 1, 2013, to August 1, 2015, who were treated for at least 4 hours with an intravenous insulin infusion. Primary efficacy outcomes of time to anion gap closure and time to goal blood glucose was studied in patients meeting criteria for diabetic ketoacidosis (n = 79), while the primary safety outcome of rates of hypoglycemia were compared among all study patients (n = 200). Results: The fixed-rate titration method had statistically shorter time to blood glucose <200 mg/dL compared to the multiplier titration group (6.1 [4.0] vs 8.8 [4.4], respectively; P = .018; mean time in hours [standard deviation]); however, no statistically significant difference was seen in the other primary efficacy and safety outcomes. Statistical improvements were found in secondary outcomes of intensive/progressive care units, length of stay, and infusion duration in the fixed-rate titration method, while less deviation from titration recommendations was found in the multiplier titration group. Conclusions: Significant differences seen in time to a goal blood glucose, deviation prevalence, and holds of the infusion for low blood glucose have identified areas for optimization, additional study, and staff education.
Background
Hyperglycemic crises require rapid intervention to reduce the risk of mortality, which can be as high as 1 in 5 cases. 1 Early prevention and evidence-based treatment of hyperglycemic crisis has improved outcomes. Between 1980 and 2009, mortality in one specific hyperglycemic crisis, diabetic ketoacidosis (DKA), decreased by 64%. 2, 3 In spite of this improvement, mortality in patients with multiple comorbidities as well as health care dollars spent on treatment of this condition remain high. 2, 4, 5 The metabolic derangements seen in hyperglycemic crisis are driven by an absolute or relative insulin deficiency and an increase in counterregulatory hormones, such as cortisol and catecholamines. Insulin therapy, along with hydration and electrolyte correction, is able to reverse the pathologies and allow for glucose to move intracellularly. [4] [5] [6] [7] A continuous intravenous (IV) infusion of regular insulin has a favorable kinetic profile for titration making it an ideal treatment for these conditions. 5 For safety and convenience, standardized protocols are often used for monitoring and adjusting IV insulin therapy, giving the health care team objective recommendations for adjusting treatment in response to a patient's clinical status and laboratory values. 4, 5, 8, 9 Despite the benefits seen in these studies, no single standardized process is at this time supported in the literature, and comparisons of method effectiveness are limited making development of an individual protocol more challenging. Staff education on the proper use of the protocols also provides a barrier to successful implementation. Previous studies of insulin protocols have utilized a variety of methods of titration and initiation of infusions, differing in the initial rate, rate change parameters, and the use of an initial bolus. 6, [10] [11] [12] [13] [14] The American Diabetes Association (ADA) consensus statement in 2009 outlined a titration method utilizing a weightbased initial infusion with or without a bolus dose followed by titration based on the percent decrease in blood glucose (BG) within the first hour. Further titrations in DKA patients specifically were based on maintaining the BG within a goal range until anion gap closure, a marker of crisis resolution. 6 Recent publications reinforce the IV insulin recommendations originally included in the 2009 consensus statement. 4 More details regarding this titration method are included in Figure 1 . By evaluating the outcomes of 2 protocols used for hyperglycemic crisis treatment at the each study facility, the study aims to contribute to what is known about which components make up an ideal titration regimen.
Objectives
The primary objective of the project was to compare the efficacy and safety of 2 insulin titration methods used in hyperglycemic crisis management within each study facility. Efficacy endpoints included the primary outcomes of time to goal BG <200 mg/dL and time to anion gap closure of <13 mg/dL, and secondary outcomes of intensive care unit (ICU)/progressive care unit (PCU) and hospital length of stay (LOS). The safety endpoints were the primary outcomes of prevalence of hypoglycemia defined as a BG <70 mg/dL with secondary safety outcomes of percent compliance with titration recommendations and number of holds required based on titration instructions.
Methods

Current State
The 2 titration methods utilized at each study facility are available in the hospital electronic medical record. Each is a nursing-driven process whereby titrations are made based on hourly BG levels. Similar to the ADA consensus statement, the fixed-rate titration (FRT) method initiates insulin at a weight-based rate and adjustments are made based on the rate of BG decrease after the first hour. In contrast to the ADA recommendations, there are differences in the goal BG and titration recommendations when not within the goal BG range. Additionally, the instructions have a provision in place to help prevent hypoglycemia, which recommends a hold to the infusion when BG falls below 100 mg/dL and decrease the rate by 50% prior to restarting. The multiplier titration (MT) method, in contrast, utilizes an equation to calculate the insulin infusion rate that factors in the current BG and a multiplier that is adjusted and carried through the duration of infusion, taking into account overall BG trends. Calculations are completed manually by nursing staff using a paper monitoring sheet. The goal BG in the MT method is lower than that of the FRT and recommends the infusion be held only when BG is <70 mg/dL. This method was not originally developed for the treatment of hyperglycemic crises, but instead with the intent to treat inpatient hyperglycemia, in general. The method selected for use at each study facility is based on physician preference, and not every patient placed on these orders has a laboratory confirmed hyperglycemic crisis. The FRT and MT methods are described further in Figure 1 .
Study Design
A retrospective, observational chart review was performed at 3 community-based hospitals within a health network ranging in size from 108 to 389 licensed patient beds. Studied patients were randomly selected from those admitted to one of the site hospitals between August 1, 2013, and August 1, 2015. Included patients had received an IV insulin infusion titrated by 1 of 2 insulin titration methods, FRT and MT. Patients were excluded if the infusion duration was less than 4 hours or if more than one titration method was used during admission. Orders on patients with protected status were excluded including pregnancy, imprisonment, or age less than 18 or greater than 89 years. In order to align outcomes with treatment goals, only patients with laboratory-confirmed DKA were included in evaluation of the primary efficacy outcomes. Laboratory-confirmed DKA was defined as BG >250 mg/dL and an anion gap >13 mg/ dL plus at least one of the following: ketosis or acidosis. All study participants were included in evaluation for safety outcomes. This study obtained institutional review board exempt approval.
Data Analysis
An initial electronic medical record report was generated and a manual review of the patients' electronic medical record provided information regarding patient demographics; insulin infusion rate, duration, and appropriateness of titration given protocol dosing instructions; and select laboratory values such as hourly BG level, hemoglobin A1c, electrolytes, and markers of acidosis.
Background demographics were analyzed using descriptive statistics. Nominal data were analyzed using χ 2 or Fisher's exact methods, as appropriate. Continuous data were analyzed using an independent 2-samples t test or a Mann-Whitney U test for nonparametric data. A P value of .05 was considered statistically significant. SPSS version 16.0 was used to perform statistical analysis.
Results
Using a population size similar to available literature, a goal sample size of 200 was set for the study. 13, 15 A total of 271 randomly selected patients from the study timeframe were screened to obtain the goal sample size following the exclusion of one patient based on age and seventy who received continuous insulin infusions for less than 4 hours. The entire study population was included for primary safety and all secondary outcomes, while only those with laboratory-confirmed DKA were studied for efficacy outcomes (n = 79). FRT patients were statistically more likely to have been previously diagnosed with type 1 diabetes mellitus and to have an initial bolus administered prior to the infusion. MT patients had statistically more orders for steroids and a diet than FRT patients. The groups were not statistically different with regard to age, admission hemoglobin A1C, or resolution of DKA at the infusion cessation. Complete analysis of patient demographics and background information for the efficacy subgroup is provided in Table 1 .
In the efficacy subgroup, there was a statistical difference between time to initial BG <200 mg/dL with the FRT more quickly achieving this primary outcome; however, no difference was seen between the group with regard to time to anion gap closure (mean time to BG < 200 mg/dL [standard deviation] for FRT vs MT: 6.1 [4.0] vs 8.8 [4.4] , respectively; P = .018). The primary safety outcome of total hypoglycemic events for each method was numerically identical between the 2 methods with 40 events out of the 100 orders studied. Complete results for primary and secondary outcomes are shown in Table 2 .
Nursing deviation from titration method recommendations was statistically higher in the FRT group. A comparison of ICU and PCU LOS found a statistically shorter LOS for FRT patients but no statistical difference in hospital LOS between the 2 groups. Statistical significance was also seen in the secondary safety endpoint of total number of infusion holds required by protocol instructions, with the FRT method having a greater number of holds than the MT method. This difference is to be expected based on the titration method design and clinical significance of this difference was unable to be determined.
Discussion
Overall, the patient groups were relatively similar with no statistical differences in age, sex, or diabetes mellitus control at admission, as measured by the surrogate marker admission hemoglobin A1c. No difference was seen in protocol prescribing between each study facility. Similarly, the maximum infusion rate and DKA resolution markers at the time of the infusion cessation (ie, anion gap, stable BG < 200 mg/dL for 4 hours, and normalized serum bicarbonate) were not significantly different. There were differences in the use of an initial bolus though this is most likely secondary to this protocol's inclusion of a bolus option within the order. Also, significant differences were seen in the number of patients receiving concomitant steroids and those with a diet ordered between the 2 subgroups. Steroid use and consumption of carbohydrates may both increase insulin requirements and lead to prolonged time to control, potentially confounding the results. The results of the primary efficacy outcome had mixed significance. While a difference was seen in the time to goal BG, no difference was seen in the time to anion gap closure, an important marker of DKA resolution. Likewise, no statistical difference was seen in primary safety outcomes. While numerically identical, the prevalence of hypoglycemic events for each method occurred in 40% of patient orders. While in line with previously published rates of hypoglycemia between 31% and 50% of patients on an insulin infusion, the 40% event rate likely underrepresents the total number of events in this study as it does not include the hypoglycemic events caused by the infusion that occurred once the infusion order was discontinued. 13 Given the potential complications of hypoglycemia, the total number of events has clinical significance. A confounding factor to the number of events was the presence of more stringent hold parameters in the FRT method compared to the MT. This difference may have reduced study-defined hypoglycemia and may be a protective component desirable in the design of a titration protocol. Goal BG ranges also differed between titration methods. Lower ranges may have unnecessarily increased the risk of hypoglycemia without changing efficacy outcomes and may be an area to focus on when optimizing protocols.
Significant differences were seen in the secondary outcome of frequency of titration deviation. A deviation was defined as a discrepancy between the recommended hourly titration and the titration that was documented as occurring. A low deviation was one wherein the actual rate was less than that which was recommended and a high deviation was the opposite. Presence of at least one deviation per order was seen more frequently in patients receiving the FRT method (72.7% of orders) than in MT (53% of orders), and total number of deviations was also higher with the FRT (n = 169) versus the MT (n = 99). The breakdown of low versus high deviations in the FRT (53%/47%) and MT (71%/29%) methods reveals that the MT method had a disproportionate number of low deviations compared to the FRT, which had roughly equivalent numbers of each. Further analysis was conducted using univariate logarithmic regression, which found that low deviations as a whole were associated with hypoglycemia. While surprising that a lower infusion rate would be associated with hypoglycemia, this could suggest nursing staff reaction to downward trending BGs with rate adjustment and potentially intentional deviation rather than one due to a lack of education. Further investigation is needed to compare the underlying causes of deviations.
The FRT orders were associated with statistically shorter ICU/PCU LOS and numerically shorter hospital LOS.
While not clinically significant, the almost 2-day shorter hospital LOS is significant from an overall cost and patient comfort perspective. In comparison to previously cited statistics for DKA hospital LOS of an average 4.9 days, patients in this study, regardless of method, had an average hospital LOS of 3.4 days. 7 A difference in average LOS in study patients may be affected by illness severity or physician preferences for discharging patients.
This study was limited by the retrospective design, which did not allow for the collection of data points such as nursing rationale for deviation. The efficacy population did not reach the targeted sample size given the exclusion of either orders with a duration less than 4 hours or which had switched to or from an alternative titration method. Additionally, DKA prevalence was low in remaining selected orders. Differences in protocol deviation rates between the 2 order subgroups may have skewed overall results, but serve as a realistic snapshot into the prescribing and titration patters of patients at the study facilities. The frequency of rate deviations cited in literature varies from 5.1% to 68.2% of adjustments. 15, 16 In our study, the rate of titration compliance was not measured compared with the total number of indicated rate changes, limiting the comparison of these rates to those available in literature. The definition of hypoglycemia was standardized in data analysis to less than 70 mg/dL, which matches the point at which each study facility indicates the need for treatment with dextrose. This definition, however, does not match the definition of severe hypoglycemia, a Center for Medicare and Medicaid Core Measure. Compliance with titration recommendations for fluids and electrolytes were not studied; however, the authors recognize these contribute to the overall efficacy of treatment. Finally, while an attempt was made to compare diabetes severity with initial hemoglobin A1c and admission BG, patients were not compared using other validated severity markers. Severity also contributes to overall treatment success. In future studies, a comparison of severity or control of demographic differences, percentage of rate deviations compared with all titrations, and measurement of percent time within goal BG or BG variability could be considered as data points.
Conclusion
While a shorter ICU/PCU LOS, shorter infusion duration, and faster time to BG are supported with the FRT method, the rate of deviation, under-documentation, and the number of infusion holds conducted suggest the need for further protocol optimization. The MT method had significantly fewer deviations and may represent a more simplified approach, particularly if a computerized calculator is developed and implemented into each study facility. The percentage of low deviations combined with no differences between rates of hypoglycemia and misalignment of the goal BG
